Many micro electromechanical systems (MEMS) require a vacuum or controlled atmosphere encapsulation in order to ensure either a good performance or an acceptable lifetime of operation. Two approaches for waferscale zero-level packaging exist. The most popular approach is based on wafer bonding. Alternatively, encapsulation can be done by the fabrication and sealing of perforated surface micromachined membranes. In this paper, a sealing method is proposed for zero-level packaging using a thin film reflow technique. This sealing method can be done at arbitrary ambient and pressure. Also, it is self-aligned and it can be used for sealing openings directly above the MEMS device. It thus allows for a smaller die area for the sealing ring reducing in this way the device dimensions and costs.
Introduction
Unlike CMOS chips, chips containing MEMS devices cannot be directly packaged in a plastic or ceramic housing, the so-called first level package. MEMS structures have free-standing and/or moving parts that can easily be damaged during dicing or assembly. To prevent this damage, these structures should be protected on the wafer level, before dicing. This is possible with the so-called zero-level package. Besides protection against damage during assembly, this zero-level package can also be used to hermetically seal the MEMS device and/or to enclose it in a controllable atmosphere. This might be necessary to ensure a good operation and lifetime of the MEMS device.
Zero-level packaging is typically done by bonding a capping wafer or die to the MEMS wafer [1] ( Fig. 1 ). However, this increases the die area substantially and it needs alignment. Alternatively, hermetic encapsulation can be done by the fabrication and sealing of surface micromachined membranes covering the MEMS device by use of films deposited at low pressure, such as low pressure chemical vapour deposited (LPCVD) films [2-5] (Fig. 2 ). However, atmospheric or near-atmospheric sealing is required for the operation of certain important MEMS devices, such as accelerometers.
Techniques at atmospheric pressure, other than capping, are often expected to have detrimental effects on the device. For example, although most atmospheric pressure CVD techniques (APCVD) have improved sealing capabilities with respect to LPCVD, too much material would deposit inside openings onto the MEMS' active parts. Moreover, with CVD or physical vapour deposition (PVD) techniques the gas composition surrounding the MEMS device cannot be altered at will. Alternatively, volume expansion and therefore sealing during thermal oxidation of e.g. silicon will close the sacrificial etch openings of a silicon membrane. This process is however usually done at temperatures exceeding 900°C, which is too high for a lot of MEMS materials. Finally, the use of a tenting foil to seal the MEMS structure is limited due to outgassing in case a polymer foil is used. In case a metal foil is used for encapsulation, it is difficult to obtain a good adhesion of the film to the device wafer.
State-of-the-art sealing is in general done using horizontal sacrificial etch channels (Fig. 3) . However, in order to have a high-speed sacrificial etching process underneath the surface micromachined membrane and in order to maintain a planar surface, sacrificial etch perforations in the membrane are favourably situated above the device (Fig. 4) [2] . Unfortunately, such vertical openings increase the risk of depositing sealing material on the device.
With respect to the aforementioned remarks, the goal of this work is to find a sealing method for a MEMS device covered by a surface micromachined membrane fulfilling the following requirements:
• It leaves the device undamaged (low temperature, ...) • It has the ability to control the pressure and gas composition inside the cavity. Vacuum, normal, and super-atmospheric pressures should be possible • It is durable and seals the device from the environment (humidity, dust, ...) • It is a wafer-level sealing technique • It is a batch process
• It leads to a reduced die area compared to standard packaging techniques • It is a cheap technique (reduce packaging price).
The sealing method for zero-level packaging that is proposed here uses a thin film reflow technique. This technique is self-aligned and seals the device from the environment. It allows a great flexibility with respect to the choice of the sealed-in gas and pressure and it offers compatibility with low-cost high-throughput batch fabrication techniques. Also, as it can be used for sealing openings directly above the device, it allows for a smaller die area and thus reduced device dimensions and costs.
The basic idea of the proposed technique is to deposit a material with low melting temperature on top of openings forming a cusp until they are almost closed (Fig. 5a ). This material is then reflowed in a furnace with controlled atmosphere and pressure to close the final openings (Fig. 5b) .
Obviously, a one-layer sealing process as shown in Fig. 5 has the risk that the film relaxes during reflow, thereby removing the cusp and opening the etch channels 
